Introduction
The solid electrolyte system of Pt(O 2 )/YSZ has been extensively studied in the past to enhance the understanding of many important fields such as fuel cells, electrochemical oxygen pumps and oxygen sensors [1, 2] . The overall electrochemical reaction for the reduction of gaseous oxygen can be written as:
where V O¨ is an oxygen vacancy in the lattice of zirconia, e -is an electron and O O is oxygen in the lattice [1] . The Pt(O 2 )/YSZ system is also of great importance in the fundamental study of electrocatalysis and can be considered to be a model system that can be employed to understand the nature of oxygen pumping and spillover processes in electrochemical promotion of metal catalysts supported on oxygen-ion-conducting membrane solid electrolytes. In electrochemical promotion of catalysis (EPOC), the supply of a small electrical current through an external circuit results in promoter species, such as oxygen ions being pumped towards the catalyst surface, and modifies the catalytic activity and selectivity of a reaction in a reversible and pronounced manner [3] [4] [5] . One of the electrochemical techniques often used to investigate the Pt(O 2 )/YSZ electrode system is cyclic voltammetry (CV). The appearance of multiple cathodic peaks on the cyclic voltammograms has been used to identify the spillover oxygen anion species and to quantify the tpb length [6] . However, it has also been reported that the appearance of the CV peaks under oxygen can be explained by the electrochemical formation of platinum oxide species (PtO x ) [1, 2, 7] . Recently, the presence of impurities (e.g. silicon) in the Pt(O 2 )/YSZ system has also been shown to influence the CV features [8] . However, the role of impurities in the electrochemical and electrocatalytic behaviour of a catalyst system has not been studied in detail and indeed the role of impurities is not fully understood. Impurities may have differing effects on catalyst systems. They may act as poisons (blocking active sites and reducing catalytic activity) or they may in fact have a promoting role in the catalytic reaction. (The term impurity is used here only to indicate an unknown type and amount of a foreign surface species on the catalyst.) Therefore, a systematic study is necessary to fully assess the effect of impurities on a catalyst system (in this case Pt/YSZ). In order to study the role of impurities, a known type and amount of a foreign species can be deposited on a nominally 'clean' catalyst surface. The term nominally 'clean' is used here as it is possible that a certain level of unknown and uncharacterised impurities may exist on any catalyst surface (due to the method of preparation, the purity of raw materials etc). By gradually increasing a species concentration on the catalyst, we can systematically investigate the difference between the 'clean' and the contaminated systems while eliminating the effects of variation in electrode characteristics due to inconsistencies in the electrode preparation.
In this paper we investigate the effect of the presence of sodium species on oxygen charge transfer in a Pt/YSZ system using different characterisation techniques. Considering only the tpb process, the charge transfer reaction is shown in Eq. 2:
where O(tpb) is the atomic oxygen adsorbed at the Pt-YSZ-gas interface (tpb). O(tpb) can be created either by adsorption of oxygen from the gas phase and diffusion to the tpb (Eq. 3), or by the reverse of Eq. 2 (oxidation of ionic oxygen species from the YSZ electrolyte).
Sodium was chosen in this work as it is known to affect the activity of metal catalysts [9] [10] [11] [12] by acting as a catalyst promoter. Additionally, it has been used as promoter in many EPOC catalytic reactions using sodium-ion conducting supports [13] [14] [15] , particularly to enhance the rate of NO x conversion [16, 17] . Sodium deposition on the platinum surface could affect the catalyst system in a number of ways.
(i) Sodium species could adopt a spectator role in the charge transfer reaction and simply occupy the platinum active sites. This may be manifested as a lower rate of the charge transfer in the cyclic voltammetry experiments.
(ii) Sodium may modify the charge transfer reaction by creating new sites for, or modifying the kinetics of, oxygen storage, adsorption and diffusion from the gas phase, possibly through modification of the binding strength of oxygen on the catalyst surface.
We can see that in Case (ii) the sodium species have an effect on the platinum catalyst that may result in catalyst promotion if exposed to reaction conditions. This has been seen in the past in studies with e.g. sodium-conducting supports for electrocatalysis [18] . However, under non-reactive conditions (as is the case studied here) we would not be able to observe such promotion.
In addition to the CV used in this work we also studied the effect of the sodium species on the work function of the catalyst/electrode. It has been found, by the photoelectric effect, that metallic sodium has a work function of 2.1 eV while the work function of metallic platinum is 5.65 eV [19] . The work function of platinum interfaced with YSZ has been found to be around 5.14 eV (this value can be used to establish an absolute electrode potential scale that would not depend upon the metal interfaced with the YSZ electrolyte) [20] . It is anticipated that the addition of sodium on the platinum surface will lower the work function of the surface; the work function of a sodium-modified sample should lie between the values of 2.1 and 5.14 eV (possibly a lot closer to the value of the platinum surface). The actual work function change will depend upon the sodium coverage and the state of sodium species on the platinum surface (i.e. metallic, oxide, hydroxide or carbonate form) as well as the state of the platinum (metallic or oxide). In order to determine the chemical state of species on the catalyst surface ex situ XPS measurements were also performed.
Experimental

Experimental setup
The testing rig was constructed using stainless steel Swagelok compression fittings and 
Catalyst preparation
The solid electrolyte is an oxygen-ion conducting membrane made of 8 mol% yttria- Sodium solutions of various concentrations were prepared by dilution of 1.0 N standard sodium hydroxide (NaOH) solution provided by Alfa Aesar. Sodium was then gradually deposited dropwise in increasing concentration onto the platinum catalyst surface using a micropipette. The volume of the NaOH solution droplets deposited on the catalyst is indicated in Table 1 (either 1 or 5 mL). The pellet was heated in the reactor in air for an hour at 400 o C before starting the experiments. Table 1 summarises the estimated sodium loading (in terms of Na atoms cm -2 of platinum surface) and the percentage coverage of sodium on the platinum surface. For the calculation of the platinum surface area we have assumed a platinum particle size of approximately 0.5 μm (based on SEM analysis of Sample A). For a film mass of around 10 mg and assuming spherical geometry of the platinum particles we can calculate an estimated platinum surface area of 56 cm 2 (this surface area is only used for the coverage calculation; for the current densities discussed later a geometric projected surface area is used instead). It has been found in the literature that full coverage corresponds to approximately 10 15 Na atoms cm -2 [21, 22] . Based on this value we can calculate the coverage of sodium from the different sodium loadings. Note that this calculation may overestimate the sodium coverage as it assumes that all of the NaOH solution has been deposited on the platinum (without a presence on the YSZ support). This explains why a coverage above 100% is obtained for some samples. The platinum surface area of samples prepared by the ELD method could not be determined by a similar approximation because the mass of platinum in the samples was not available. Samples A -P shown in Table 1 correspond to fourteen different pellets, each impregnated with various NaOH solutions.
Sample A was used for electrochemical measurements, B for SEM-EDX analysis, C -H for XPS analysis while J -P were used for work function measurements. Throughout the paper, these samples are named as follows: Pellet xyy, where x*10 -yy M corresponds to NaOH concentration of the most recent sodium deposition. Unless otherwise stated the sodium loadings reported in Table 1 are cumulative values, but the last deposition dominates. Table   2 lists all experiments conducted on the samples and the corresponding figures/tables in which the experimental results are shown.
Sample characterisation 2.3.1 SEM-EDX analysis
A fresh pellet was used for SEM-EDX analysis. The SEM image of the 'clean' sample (B000) is shown in Fig. 2a , while Fig. 2b shows an SEM picture of Sample B000 after impregnation with a 0.1 M NaOH solution. The platinum film consists of an irregular porous network of approximately 10 mm thickness. As can be seen from the SEMs presented here, sodium deposition appears to have a small effect on the structure of the platinum film indicated by the induced surface roughness on the platinum particles. However, it needs to be noted that while the SEMs shown in Fig. 2 are of the same platinum film (before and after the sodium deposition) the areas of the film shown on the SEM are not the same. It was not possible to quantitatively analyse sodium by using SEM-EDX.
XPS analysis
X-ray photoelectron spectroscopy measurements (XPS) was performed on six fresh samples (C000 -H101) using a VG Escalab 200R electron spectrometer provided with Al Ka X-ray source (hn = 1486.6 eV, 1 eV = 1.6302x10 -19 J) and a hemi-spherical electron analyser. The base pressure in the analysis chamber was kept below 4x10 -9 mbar during data acquisition. The pass energy of the analyser was set at 50 eV, for which the resolution as measured by the full width at half maximum (FWHM) of the Au 4f 7/2 core level was 1.7 eV.
The binding energies were referenced to C 1s peak at 284.6 eV due to adventitious carbon.
Data processing was performed with an XPS peak program; spectra were decomposed with a least squares fitting routine provided with the software with Gaussian/Lorentzian (90/10) product function and after subtracting a Shirley background.
Electrochemical measurements
Cyclic and linear sweep voltammetry (CV and LSV) are used in this study to characterise the changes in the electrochemical behaviour of the platinum catalyst modified by sodium deposition. With both techniques, a cyclic or linear voltage sweep was applied at a fixed scan rate, υ, while the current flowing between the catalyst (working electrode) and the counter electrode was recorded using an Ivium Compactstat. The current density, i, (calculated based on the geometric projected surface area, A = 0.88 cm 2 ) was plotted against the overpotential, V WR , to produce cyclic and linear sweep voltammograms. All voltammograms shown in the figures in Section 3 correspond to the third scan. The area under the cathodic peak, Q pc (which corresponds to the charge transferred during this phase of oxygen reduction) was measured and integrated using graphing and data analysis software.
Work function measurements
Work function measurements were conducted using a scanning Kelvin probe The work function measurement of the 'clean' platinum surface was conducted on four samples; two of the samples (J000, K000) were prepared by painting of a platinum resinate while the other two (N000 and P000) were prepared using ELD. Three types of sodiummodified samples were tested. Sample J000 (Pt-painted) was impregnated with consecutive drops of NaOH solutions of 10 -4 (J104) and 10 -2 M (J102), and measurements were conducted after each impregnation. In addition, two independent Pt-painted samples, each modified with NaOH solutions of 10 -4 (L104) and 10 -2 M (M102) were used for comparison.
The two ELD-prepared samples (N000 and P000) were also impregnated with NaOH solutions of 10 -4 (N104) and 10 -2 M (P102) and measurements were performed on each sample after each impregnation. The method of sodium deposition for all samples is as described in the catalyst preparation section (Section 2.2), except for Samples J104, J102, N104 and P102 which were heated in air at a lower temperature of about 200 o C for 20 minutes.
Results and Discussion
XPS analysis
In order to analyse the chemical state of the elements and surface composition of the sintered Pt/YSZ, X-ray photoelectron spectroscopy measurements (XPS) were performed on a nominally 'clean' (C000) and five sodium-modified samples (D104 -H101 with 10 -4 -10 -1 M NaOH). All samples tested showed Pt 4f 7/2 binding energies around 72.0 eV that point to the presence of metallic platinum species (data not shown here). Fig. 3 shows the Na 1s component spectra for the 'clean' sample ( Fig. 3a) and one of the sodium-modified samples, F102 (Fig. 3b) . There is no Na 1s peak associated with the 'clean' sample (C000), while the sodium-modified sample shows an Na 1s peak at binding energies of 1071.4 -1072.1 eV.
This indicates the presence of hydroxide, carbonate and/or oxide species [23] on the Pt film probably due to sodium hydroxide addition and exposure to carbon dioxide in air. Fig. 4a shows a typical voltammogram of a 'clean' platinum film (A000) exposed to a gas mixture of oxygen (20 kPa) and helium scanned at varying scan rates from 1 to 100 mV s -1 . The cathodic peak (Peak C) involves the reduction of oxygen at the tpb (Eq. 2), while the anodic peak, (Peak A), corresponds to the oxidation of oxygen ions (from the bulk of the electrolyte) to oxygen at the tpb (the reverse of Eq. 2) 1 . It should be noted that there is a number of studies disagreeing with the assignment of the cathodic peak (solely) to a tpb process. Kenjo et. al [7] assigned this peak to platinum oxide decomposition at the Pt/YSZ interface, while the group of Comninellis assigned the cathodic features in CV to both a tpb related process (spillover oxygen) and other interfacial processes (monolayer and bulk platinum oxide formation) [24] . Similarly, Bultel et. al [25] assigned the cathodic peak to the reduction of electrochemically produced oxygen species (either from the chemisorbed oxygen or a platinum oxide layer). Mutoro et al. suggested that this cathodic peak may not be caused only by spillover oxygen or platinum oxide but could also be influenced by the presence of impurities [8] . In a recent study, Pöpke et al. emphasized the role of platinum oxide in the electrode system Pt(O 2 )/YSZ as its formation and decomposition is considered to affect the oxygen exchange rate [26] . In the work presented here, we are looking at the effect of sodium addition on the Pt/YSZ catalyst system and since the same pellet has been used both in the form of 'clean' and sodium-modified samples (for Sample A), the cause of the difference in the characteristics of the cathodic peak (area, height and position) is expected to be the different sodium coverage of the samples.
Cyclic voltammetry
As shown in Fig. 4a there is hysteresis in the voltammogram which indicates that the oxygen charge transfer reaction is an irreversible process [6, 27] . This is also true for the sodium-modified samples (Figs. 4b -4g) . From Fig. 5 , the measured cathodic peak height (at maximum current density), i pc , is found to be proportional to the square root of the scan rate, υ 1/2 , indicating a diffusion-controlled process. This indicates that the oxygen charge transfer reaction taking place in the system studied here is not only a case of simple adsorption but is also controlled by the diffusion of oxygen to the tpb. Yi et al. [28] have also found a linear relationship between peak height and υ Table 3 . However, the cathodic peak area (Q pc ) does not appear to be significantly affected by sodium addition for sodium coverage up to approximately 65% as it only reduces by approximately 30% from Sample A000 to Sample A102 (as shown in Table   3 ). The cathodic peak of Samples A502 and A101 (shown in Figs. 4f -4g ) disappears completely. It is possible that the cathodic peak for these samples has in fact simply shifted to lower overpotentials. A shift of the cathodic peak potential towards more negative values is also observed for the other sodium-modified samples (A504 -A102) as can be seen in Table 3 . This suggests that, as a result of sodium addition, oxygen becomes more strongly bound to the catalyst thus requiring more reducing overpotentials to be removed (Case (ii)). Oxygen can be bound to sodium on the platinum surface in the form of oxides, hydroxides and carbonates [29] , or even in the form of sodium-platinum-oxygen complexes [18] . This is also in agreement with the XPS findings that show the presence of these species on the surface of the catalyst. Another parameter affected by the sodium addition is the observed current density at high overpotentials which increases significantly at sodium coverage above 50% as seen in Fig. 4f and 4g . This indicates that sodium addition may facilitate oxygen supply to the three phase interface through modification of the oxygen storage, oxygen surface diffusion or oxygen adsorption processes (Case (ii)). To summarise the findings from the cyclic voltammetry experiments, we can see that the addition of sodium causes:
(i) the cathodic peak potential to shift towards more negative values indicating that oxygen is now more strongly bound on the catalyst surface,
(ii) the current density at high overpotentials to increase, suggesting that sodium enhances oxygen storage, surface diffusion and/or adsorption.
Linear sweep voltammetry
Linear sweep voltammetry was performed at a scan rate of 20 mV s -1 for different holding times (t H ) at an anodic potential of E H = 0.3 V. Fig. 6 shows the obtained voltammograms. We can see that as t H progresses from 10 to 800 s the cathodic peak potential, E pc becomes more negative suggesting that fixing the anodic potential for longer times not only increases the amount but also the binding strength of oxygen. There are actually two peaks on the 'clean' sample (A000) shown in Fig. 6a (magnification shown in Fig. 6h) ; the first one is very pronounced and the same as the cathodic peak discussed in Fig.   4 , while the second peak is very broad and appears only when the potential is held for t H = 200 s or longer. These peaks were previously used to explain the origin of EPOC [30] , by assigning the first one to a highly reactive oxygen species from the gas phase, and the second one to a strongly bonded, thus less reactive, oxygen (back) spillover species. Mutoro et al. [8] compared the CV features between two platinum electrodes from the same source, one with and one without intentionally deposited silicon from glass particles. It was observed that additional cathodic peaks were featured only by the sample contaminated with silicon. In the work presented here, we cannot disprove this theory as silicon is often added in platinum pastes as a sintering aid and was also present in the emery cloth used to polish the YSZ pellets. However, as the focus of this work is to study the effect of the sodium loading on the charge transfer reaction, the origin of the second peak was not investigated further.
An increase in sodium coverage causes the cathodic peaks' heights to reduce and the peak potentials to become more negative. At sodium coverage from 65 -100% (Figs. 6f -6g , Samples A502 and A101), both peaks appear to have shifted significantly. This cathodic peak shift was also observed for the cyclic voltammetry experiments as discussed earlier. In addition, and in accordance to previous findings for Samples A502 and A101, all the recorded peaks become broad and ill-defined. This corroborates our earlier findings about sodium addition causing oxygen to be more strongly bound on the catalyst surface.
Ex-situ work function measurements
The results of the Kelvin Probe work function measurement on 'clean' and sodiummodified platinum films are shown in Fig. 7 . The average work function of 'clean' platinum samples prepared by painting platinum resinate (J000 and K000) and 'clean' platinum samples prepared by ELD (N000 and P000) are compared to the literature-predicted work function of clean polycrystalline platinum. As mentioned earlier, it has been found [20] that the work function of porous platinum on YSZ differs by ~-500 meV from the work function of pure platinum and has a value of 5.14 eV. The work function values measured for Samples N000 and P000 are quite close to the literature values for pure platinum [19] , while the painted samples (J000 and K000) have lower values of about 5.2 eV that are closer to the value of 5.14 eV reported for porous platinum films on YSZ [20] .
The ELD-prepared Samples N000 and P000 show a work function change of 200 and 250 meV when modified with 10 -4 M (N104) and 10 -2 M (P102) NaOH respectively. The change in work function may be due to the NaOH dipole concentration on the platinum surface. It is also possible that the observed work function change could be due to the formation of carbonate and/or oxide species as well as platinum-sodium-oxygen complexes on the catalyst surface or even formation of platinum oxides due to the strengthening of the Pt-O bond as a result of the sodium addition [18] . Work function changes are not very clear in the painted samples probably because the platinum surface has more initial impurities compared to the ELD samples. In any case, in all samples a higher sodium coverage causes a larger work function change.
Conclusions
The catalyst system of a platinum film supported on a YSZ solid electrolyte was intentionally contaminated by depositing small amounts of NaOH solutions of varying (conditions as in Fig. 4 ). A000 -A101 Table 3 Figs. 4 -5
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